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The promising technology of Wireless Sensor Networks (WSNs), lots of applications 
have been developed for monitoring and tracking in military, commercial, and 
educational environments. Imbalance energy of sensors causes significant reduction in 
the lifetime of the network. In corona-based Wireless Sensor Networks (WSNs), nodes 
that are positioned in coronas near the sink drain their energy faster than others as they 
are burdened with relaying traffic come from distant coronas forming energy holes in the 
network. This situation shows significant effects on the network efficiency in terms of 
lifetime and energy consumption. The network may stop operation prematurely even 
though there is much energy left unused at the distant nodes. In this thesis, non-uniform 
node deployments and energy provisioning strategies are proposed to mitigate energy 
holes problem. These strategies concerns the optimal number of sensors required in each 
corona in order to balance the energy consumption and to meet the coverage and 
connectivity requirements in the network. In order to achieve this aim, the number of 
sensors should be optimized to create sub-balanced coronas in the sense of energy 
consumption. The energy provisioning technique is proposed for harmonizing the energy 
consumption among coronas by computing the extra needed energy in every corona. In 
the proposed mechanism, the energy required in each corona for balanced energy 
consumption is computed by determining the initial energy in each node with respect to 
its corona, and according to the corona load while satisfying the network coverage and 
connectivity requirements. The theoretical design and modeling of the proposed sensors 
placement strategy promise a considerable improvement in the lifetime of corona-based 
networks. The proposed technique could improve the network lifetime noticeably via 
fair balancing of energy consumption ratio among coronas about 9.4 times more than 
other work. This is confirmed by the evaluation results that have been showed that the 
proposed solution offers efficient energy distribution that can enhance the lifetime about 



















Teknologi yang menjanjikan Rangkaian Sensor Tanpa Wayar (WSN), banyak aplikasi 
telah dibangunkan untuk pemantauan dan penjejakan dalam persekitaran ketenteraan, 
komersial, dan pendidikan. Tenaga sensor imbangan menyebabkan pengurangan yang 
signifikan dalam jangka hayat rangkaian. Dalam Rangkaian Sensor Tanpa Wayar 
(WSN), yang berasaskan Corona, nod yang berada di koronas berhampiran sinki 
mengalirkan tenaga mereka lebih cepat daripada yang lain kerana mereka dibebani 
dengan menyampaikan trafik yang datang dari coronas jauh membentuk lubang tenaga 
dalam rangkaian. Keadaan ini menunjukkan kesan ketara ke atas kecekapan rangkaian 
dari segi penggunaan seumur hidup dan tenaga. Rangkaian itu mungkin berhenti 
beroperasi awal walaupun terdapat banyak tenaga yang tidak digunakan pada nod jauh. 
Dalam tesis ini, penggunaan nod bukan seragam dan strategi peruntukan tenaga 
dicadangkan untuk mengurangkan masalah lubang tenaga. Strategi ini merangkumi 
bilangan sensor yang diperlukan dalam setiap korona untuk mengimbangi penggunaan 
tenaga dan memenuhi keperluan perlindungan dan sambungan dalam rangkaian. Teknik 
peruntukan tenaga dicadangkan untuk menyelaraskan penggunaan tenaga di kalangan 
coronas dengan mengira tenaga tambahan yang diperlukan di setiap korona. Dalam 
mekanisme yang dicadangkan, tenaga yang diperlukan dalam setiap korona untuk 
penggunaan tenaga yang seimbang dikira dengan menentukan tenaga awal dalam setiap 
nod berkenaan dengan koronanya, dan mengikut beban corona sambil memenuhi liputan 
rangkaian dan keperluan sambungan. Reka bentuk teori dan pemodelan strategi 
penempatan sensor yang dicadangkan menjanjikan peningkatan yang besar dalam jangka 
hayat rangkaian berasaskan korona. Teknik yang dicadangkan ini dapat meningkatkan 
seumur hidup rangkaian secara nyata melalui pengimbangan seimbang nisbah 
penggunaan tenaga di kalangan coronas kira-kira 9.4 kali lebih banyak daripada kerja 
lain. Ini disahkan oleh hasil penilaian yang telah menunjukkan bahawa penyelesaian 
yang dicadangkan menawarkan pengagihan tenaga yang cekap yang dapat meningkatkan 
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 1.1      Introduction 
 
Wireless Sensor Networks (WSNs) consist of distributed sensor nodes designed to 
monitor environmental or physical conditions. Wireless sensors networking is a 
promising technology for a wide range of beneficial applications in several areas 
including civilian, military and smart homes. Sensor nodes in WSN communicate 
over short distances to complete different tasks. Due to the sensing capabilities of 
WSNs’, they become a prominent choice for certain applications. Figure 1.1 shows 
some applications in Wireless Sensor Networks. The WSN can be used in tracing 
and tracking, mobile objects, animal tracking, enemy tracking, traffic tracking and 
human tracking. WSN can also be used in monitoring, such as security detection, 
inventory monitoring, telemedicine and health care monitoring, environmental 
monitoring, industrial monitoring and applications in military domains (Holger Karl, 
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WSN is considered as distributed architecture. It is composed of processing units that 
each has a separate processor, local memory, and input/output module. Due to the 
reason that sensors are not equipped with shared memory, they usually communicate 
with each other, thus creating a distributed communication network. The nodes in an 
area or regain transfer the collected information to the cluster node. The cluster node 
transmits the information collected from the sensors to a sink which is responsible 
for further processing, interpretation, and presentation of data to intended users. This 
transmission can be done using Internet, communications satellite or cable.  Figures 
1.2, 1.3 and 1.4 illustrate the sensor network architecture, the general diagrams of 
sensor node architecture, and sensor node software architecture, respectively 
(Sohraby, Minoli, Znati, 2007; Dymora, Mazurek, Nieroda, 2012; Raghavendra, 






















                           

















1.2      Problem Statement 
 
Network lifetime is one of the most significant issues in the WSN field. Network 
lifetime depends on active nodes and connectivity between them. When the energy of 
a node within a WSN is depleted, it dies and is disconnected from the sensor 
network, and the application of the network is no longer fully operational. 
Unbalanced energy amongst sensor nodes causes the network lifetime to decline 
considerably. In a corona-based WSN where sensor nodes are distributed in a 
circular area and a sink node is located at the centre of the area. When the many-to-
one architecture is used, sensors placed around the sink relay the data from other 
sensors and consequently have heavier traffic loads. Those sensors dissipate more 
energy than other ones and their energy is depleted in greater speed, resulting in 
energy holes and hot spot regions. The energy holes problem is the most important 
factor that it decreases the network lifetime. Reducing the energy holes leads to 
improvement on the lifetime of sensor networks. When an energy hole appeared, 
information cannot be sent from other sensors to the sink even though most of the 
sensors still have sufficient energy. This means the network lifetime ends 
prematurely, and a large amount of energy is wasted. A corona in which its nodes die 
first is considered a critical corona, thus, the lifetime of WSN depends on lifetime of 
critical coronas. For that reason, energy must be conserved in an efficient way, to 






















1.3      Research Objectives 
This research aims to alleviate and diminish energy hole problem in order to extend 
the operational time of the network by determining the best deployment that makes 
the highest network lifetime with desirable energy provisioning. Therefore, the 
research objectives are listed down as follows: 
 To design a non-uniform node deployment that prolong the lifetime of the 
corona based wireless sensor networks.  
 To investigate and implement an energy provisioning technique that can 
achieve the balanced energy depletion among sensor nodes in the network. 
 To evaluate, verify and validate the performance of the proposed deployment 
strategy and energy provisioning technique using both MATLAB and 
OMNET++ environments. 
 
1.4     Research Scope 
 
This research concerns corona-based WSN where the width of each corona and the 
transmission range of each node is R. The process of data gathering includes that 
sensor nodes complete data reception and generating data messages and 
then transmitting the sensed data to the next hop node using multi-hop routing. All 
the nodes in the network are supposed to generate data at the same rate. Data 
aggregation is not assumed because data aggregation is indeed a possible solution for 
energy conservation. However, this solution needs to properly work with the routing 
algorithm. Since a specific routing algorithm. Data aggregation may not be 
considered in such a specific routing protocol. Furthermore, data aggregation may 
cause unbalanced energy consumption although it saves energy. Therefore, data 
aggregation is not further considered in this thesis. All the nodes have an initial 
energy and the sink/cluster-head has no energy limitation. The nodes in network 
distributed with uniform distance and the area is an environment that its path loss 
exponent is n and communication environment is contention-and error-free. 













1.5      Research Steps 
 
In order to accomplish the goal of this research, the following research steps will be 
carried out: 
i. Survey of existing mechanisms and strategies developed to solve or avoid energy 
hole problem in corona-based WSNs to identify key problem areas. 
ii. Comparative performance evaluation of the existing solutions to explore their 
advantages and disadvantages.  
iii. Exploring the concepts and mechanism that can be used to avoid energy hole 
problem in the presence of failure nodes, in addition to addressing the common 
issues that can affect the node energy provisioning. 
iv. Design of the improvement non-uniform sensor node deployment strategy in 
addition to the energy provisioning technique, and mathematical verification of their 
components. 
v. Implementation of the designed deployment strategy and energy provisioning     
technique for the purpose of validation in simulated sensor network environment. 
vi. Performance evaluation of the designed strategy and technique to analyse their 
efficiency and measure their effect on the network lifetime by setting up a set of 





















1.6    Findings and Contributions 
 
The main contribution of this research is the design and development of a non-
uniform sensor nodes deployment strategy. The proposed strategy aims to balance 
energy consumption ratio in each corona and also to maximise the network lifetime 
while maintaining the coverage and connectivity. The proposed strategy is designed 
based on energy provisioning concept to balance energy in all coronas. Therefore, 
the energy increment ratio needed for each corona to achieve balanced energy is 
calculated first. Then, the relationship between increasing the network lifetime and 
the required initial energy for each node in each corona is obtained. As the proposed 
strategy aims to balance energy consumption ratio in each corona and also to 
maximise the network lifetime while maintaining the coverage and connectivity, 
hence, the design and derivation of the related components has been verified and 
validated. It includes the calculation of the optimum number of sensor nodes required 
in the coronas, considering the balancing of the energy consumption in all coronas 
and maximum achievable lifetime of the network which meets coverage and 
connectivity requirements. The energy hole is an essential problem in Wireless 
Sensor Networks (WSNs) which caused by large amount of relayed sensed data by 
sensor nodes that are closer to the sink. The proposed strategy can help in improving 
the energy efficiency in addition to balancing the energy consumption, which leads 
to alleviate the energy hole and extend the network lifetime. 
 Therefore, the contributions of this research are listed as follows: 
i. The optimal node deployment strategy for corona-based wireless sensor 
networks (NDSC) that improves the life time of the network and satisfies the 
applications requirements. 
ii. Enhancement of the energy provisioning technique (EPT) that helps to 
balancing the energy and to extending the lifetime of corona based wireless 
sensor networks in the absence or failure of effective node deployment. 
iii. Development of the nodes deployment strategy modules in MATLAB 














1.7      Organisation of the Thesis 
This thesis will be organised in six chapters as follows: 
Chapter One provides a broad overview of the research. It presents an introduction 
to the importance of wireless sensor networks and the need for efficient deployment 
strategy of nodes in corona-based wireless sensor networks. The chapter presents the 
objectives, problem statement, scope and contributions of the research as well as the 
steps followed in carrying out this research. 
Chapter Two covers the literature review that contains background material on 
wireless sensor networks (WSNs), which include their characteristics and challenges. 
 The chapter presents a taxonomy and general classification of schemes developed 
for mitigating energy hole problem and discusses the most current and related works 
in this issue.  
Chapter Three presents the experimental tools and methodologies that are used in 
this research. The chapter covers the common performance measurement tools used 
in evaluating WSNs, such as MATLAB and OMNet++, with description of their 
usage. It presents the development of the proposed node deployment strategy and the 
energy provisioning technique in the simulation.  
Chapter Four presents the improvement non-uniform node deployment strategy and 
the energy provisioning technique proposed in this research. It presents the design 
objectives of the improvement deployment strategy and will describe the details of 
its structural design and formulation in addition to the description of the 
implementation and the algorithms needed for the operation procedures of the 
verification and validation purposes. 
Chapter Five presents a detailed performance evaluation and comparison of the 
proposed improvement non-uniform node deployment strategy to the common 
uniform node deployment solution based on the numerical results obtained through 
simulations.  
Chapter Six concludes the findings and contributions of this research and provides 
















A. Pathak, Zaheeruddin and M. K. Tiwari, "Minimizing the Energy      Hole Problem 
in Wireless Sensor Networks by Normal Distribution of Nodes and Relaying 
Range Regulation," Computational Intelligence and Communication 
Networks (CICN), 2012 Fourth International Conference on, Mathura, 2012, 
pp. 154-157. 
Abbasi, A. A., & Younis, M. (2007). A survey on clustering algorithms for wireless 
sensor networks. Computer Communications, 30, 2826-2841.  
Akyildiz, I. F., Wireless Sensor Networks, Series in Communications and 
Networking. John Wiley amp; Sons Ltd., 2010.  
Al-Karaki, J. N., Kamal, A. E., “Routing techniques in wireless sensor networks: a 
survey,” IEEE Wireless Communications, 11(6):6–28, 2004. 
Abhijith, H. V., & Dakshayini, M. (2014). Comparative Study On Data Aggregation 
Techniques for Wireless Sensor Networks. International Journal on Recent 
and Innovation Trends in Computing and Communication, 2(4), 838-845. 
Ammari, H. M., & Das, S. K. (2008). Promoting Heterogeneity, Mobility, and 
Energy-Aware Voronoi Diagram in Wireless Sensor Networks. Parallel and 
Distributed Systems, IEEE Transactions on, 19, 995-1008.  
Ahmed, M., Doja, M. N., & Amjad, M. (2018). Energy Efficient Distributed 
Clustering And Scheduling Algorithm For Wireless Sensor Networks With 
Non-Uniform Node Distribution. International Journal of Advanced Research 
in Computer Science, 9(2).   
Abdmeziem, M. R., Tandjaoui, D., & Romdhani, I.  (2016). Architecting the internet 
of things: state of the art. In Robots and Sensor Clouds (pp. 55-75). Springer, 
Cham.   
Atiq Ur, R., Hasbullah, H., & Najm, S. (2012, 12-14 June 2012). Impact of Gaussian 
deployment strategies on the performance of wireless sensor network. Paper 














Azad, A. K. M., & Kamruzzaman, J. (2011). Energy-Balanced Transmission Policies 
for Wireless Sensor Networks. Mobile Computing, IEEE Transactions on, 10, 
927-940.  
Azzedine, B., "Algorithms and Protocols for Wireless, Mobile Ad Hoc Networks" , 
Wy-IEEE Press, 2008. 
Bandyopadhyay, S., & Coyle, E. J. (2004). Minimizing communication costs in 
hierarchically-clustered networks of wireless sensors. Computer Networks, 
44, 1-16.  
Bhagyalakshmi, L., Suman, S. K., & Murugan, K. (2012, December). Corona based 
clustering with mixed routing and data aggregation to avoid energy hole 
problem in wireless sensor network. In Advanced Computing (ICoAC), 2012 
Fourth International Conference on (pp. 1-8). IEEE. 
Bakshi, M., Ray, A., & De, D. (2017). Maximizing lifetime and coverage for 
minimum energy wireless sensor network using corona based sensor 
deployment. CSI transactions on ICT, 5(1), 17-25. 
Bhardwaj, M., & Chandrakasan, A. P. (2002). Bounding the lifetime of sensor 
networks via optimal role assignments. Paper presented at the INFOCOM 
2002. Twenty-First Annual Joint Conference of the IEEE Computer and 
Communications Societies. 
Barriere, L., Flocchini, P., Mesa-Barrameda, E., & Santoro, N. (2011). Uniform 
scattering of autonomous mobile robots in a grid. International Journal of 
Foundations of Computer Science, 22(03), 679-697. 
Bhardwaj, M., Garnett, T., & Chandrakasan, A. P. (2001). Upper bounds on the 
lifetime of sensor networks. Paper presented at the Communications,  ICC 
2001.  
Bi, Y., Sun, L., Ma, J., Li, N., Khan, I. A., & Chen, C. (2007). HUMS: an 
autonomous moving strategy for mobile sinks in data-gathering sensor 
networks. EURASIP Journal on Wireless Communications and 
Networking, 2007(1), 064574. 
Bhagyalakshmi, L., & Murugan, K. (2016). Energy balancing zone-based cluster 













network. International Journal of Information and Communication 
Technology, 8(2-3), 263-282. 
Bruneo, D.; Puliafito, A.; Scarpa, M., "Dependability evaluation of Wireless Sensor 
Networks: Redundancy and topological aspects," Sensors, 2010 IEEE , vol., 
no., pp.1827,1831, 1-4 Nov.2010. 
Cardei, M., Wu, J., Lu, M., & Pervaiz, M. O. (2005). Maximum network lifetime in 
wireless sensor networks with adjustable sensing ranges. Paper presented at 
the International Conference on Wireless and Mobile Computing, 
Networking and Communications. 
Chatterjee, P.; Das, N., "Coverage constrained non-uniform node deployment in 
wireless sensor networks for load balancing," Applications and Innovations in 
Mobile Computing (AIMoC), 2014 , vol., no., pp.126,132, Feb. 27 2014-
March 1 2014. 
Cardei, M., Yang, Y., & Wu, J. (2008, June). Non-uniform sensor deployment in 
mobile wireless sensor networks. In World of Wireless, Mobile and 
Multimedia Networks, 2008. WoWMoM 2008. 2008 International 
Symposium on a (pp. 1-8). IEEE. 
Chen, G., Li, C., Ye, M., & Wu, J. (2009). An unequal cluster-based routing protocol 
in wireless sensor networks. Wireless Networks, 15, 193-207.  
Chen, Y., & Zhao, Q. (2005). On the lifetime of wireless sensor networks. 
Communications Letters, IEEE, 9, 976-978.  
Chen, Y., Li, Q., Fei, L., & Gao, Q. (2012, 9-12 Sept. 2012). Mitigating energy holes 
in wireless sensor networks using cooperative communication. Paper 
presented at the Personal Indoor and Mobile Radio Communications 
(PIMRC). 
Dymora, P., Mazurek, M., & Nieroda, S. (2012, April). Sensor network infrastructure 
for intelligent building monitoring and management system. In Annales 
Universitatis Mariae Curie-Sklodowska (Vol. 12, No. 2, p. 59).    
Dietrich, I., & Dressler, F. (2009). On the lifetime of wireless sensor networks. ACM 
Transactions on Sensor Networks (TOSN), 5, 1-39.  
Dymora P., Mazurek M., Nieroda S., Sensor network infrastructure for intelligent 














Desai, K., & Rana, K. (2015, September). Clustering technique for Wireless Sensor 
Network. In Next Generation Computing Technologies (NGCT), 2015 1st 
International Conference on (pp. 223-227). IEEE. 
Egorova-Forster, A.; Murphy, A.L., "Exploring Non Uniform Quality of Service for 
Extending WSN Lifetime," Pervasive Computing and Communications 
Workshops, 2007. PerCom Workshops '07. Fifth Annual IEEE International 
Conference on , vol., no., pp.285,289, 19-23 March 2007. 
Esseghir, M., Bouabdallah, N., & Pujolle, G. (2007). Energy provisioning model for 
maximizing wireless sensor network lifetime. Paper presented at the Global 
Information Infrastructure Symposium, GIIS 2007. 
Elor, Y., & Bruckstein, A. M. (2011). Uniform multi-agent deployment on a 
ring. Theoretical Computer Science, 412(8-10), 783-795. 
 Engmann, F., Katsriku, F. A., Abdulai, J. D., Adu-Manu, K. S., & Banaseka, F. K. 
(2018). Prolonging the Lifetime of Wireless Sensor Networks: A Review of 
Current Techniques. Wireless Communications and Mobile 
Computing, 2018. 
Flocchini, P., Prencipe, G., & Santoro, N. (2008). Self-deployment of mobile sensors 
on a ring. Theoretical Computer Science, 402(1), 67-80. 
F. Saleem, N. Javaid, Y. Moeen, M. Akbar, Z. A. Khan and U. Qasim, "MEET: 
Multi-hop Energy Efficient Protocol for Energy Hole Avoidance Using 
Variable Transmission Range in Wireless Sensor Networks," Broadband and 
Wireless Computing, Communication and Applications (BWCCA), 2014 
Ninth International Conference on, Guangdong, 2014, pp. 478-484. 
Fan, X., & Song, Y. (2007, 14-20 Oct. 2007). Improvement on LEACH protocol of 
wireless sensor network. Paper presented at the Sensor Technologies and 
Applications, SensorComm 2007. 
Ferng, H., Hadiputro, M., & Kurniawan, A. (2011). Design of Novel Node 
Distribution Strategies in Corona-Based Wireless Sensor Networks. Mobile 
Computing, IEEE Transactions on, 10, 1297-1311.  
Gogu, A., Nace, D., Natalizio, E., & Challal, Y. (2017). A dynamic programming 
framework for the Wireless Sensor Network Configuration Problem. Journal 













Gupta, G., & Younis, M. (2003, 20-20 March 2003). Fault-tolerant clustering of 
wireless sensor networks. Paper presented at the Wireless Communications 
and Networking, WCNC 2003, IEEE. 
Haibo, Z., & Hong, S. (2009). Balancing Energy Consumption to Maximize Network 
Lifetime in Data-Gathering Sensor Networks. Parallel and Distributed 
Systems, IEEE Transactions on, 20, 1526-1539.  
Halder, S., Ghosal, A., & Bit, S. D. (2011). A pre-determined node deployment 
strategy to prolong network lifetime in wireless sensor network. Computer 
Communications, 34, 1294-1306.  
Heinzelman, W. B., Chandrakasan, A. P., & Balakrishnan, H. (2002). An 
application-specific protocol architecture for wireless microsensor networks. 
Wireless Communications, IEEE Transactions on, 1, 660-670.  
Holger Karl, A. W. (2005). Protocols and architectures for wireless sensor networks. 
Book, ISBN: 0-470-09510-5.  
Houda Labiod, Wireless Ad Hoc and Sensor Networks ISTE Ltd, John Wiley and 
Sons, Inc. ISTE Ltd, 2008. 
Huei-Wen Ferng; Hadiputro, M.; Kurniawan, A., "Design of Novel Node 
Distribution Strategies in Corona-Based Wireless Sensor Networks," Mobile 
Computing, IEEE Transactions on , vol.10, no.9, pp.1297,1311, Sept. 2011. 
Huei-Wen Ferng; Tendean, R., "Design of an energy-efficient routing protocol for a 
corona-based wireless sensor network," Machine Learning and Cybernetics 
(ICMLC), 2011 International Conference on , vol.1, no., pp.437,442, 10-13 
July 2011. 
Imon, S.K.A.; Khan, A.; Di Francesco, M.; Das, S.K., "Energy-Efficient 
Randomized Switching for Maximizing Lifetime in Tree-Based Wireless 
Sensor Networks," IEEE/ACM Transactions on Networking, vol.PP, no.99, 
pp.1,1, 2014. 
Jae-Joon, L., Krishnamachari, B., & Kuo, C. C. J. (2004, 4-7 Oct. 2004). Impact of 
heterogeneous deployment on lifetime sensing coverage in sensor networks. 
Paper presented at the First Annual IEEE Communications Society 














Jarry, A., Leone, P., Powell, O., & Rolim, J. (2006). An optimal data propagation 
algorithm for maximizing the lifespan of sensor networks. Distributed 
Computing in Sensor Systems, 405-421.  
Jurdak, R., Lopes, C. V., Baldi, P., "Battery Lifetime Estimation and Optimization 
for Underwater Sensor Networks." In Sensor Network Operations, published 
by Wiley-IEEE Press, edited by Shashi Phoha, Thomas F. La Porta and 
Christopher Griffin. pp. 397-420. ISBN: 0-471-71976-5. May, 2006. 
Jyun-Fan Ke, Wen-Ju Chen and Der-Chen Huang, "Life extend approach based on 
priority Queue N strategy for wireless sensor network," Heterogeneous 
Networking for Quality, Reliability, Security and Robustness (QSHINE), 
2015 11th International Conference on, Taipei, 2015, pp. 272-279. 
K. Mahendrababu and K. L. Joshitha, "A solution to energy hole problem in Wireless 
Sensor Networks using WITRICITY," Information Communication and 
Embedded Systems (ICICES), 2014 International Conference on, Chennai, 
2014, pp. 1-6. 
Kochhar, A., Kaur, P., Singh, P., & Sharma, S. (2018). Protocols for Wireless Sensor 
Networks: A Survey. Journal of Telecommunications and Information 
Technology, (1), 77-87. 
K. S. Adu-Manu,C. Tapparello, W. Heinzelman, F. A. Katsriku,and J.-D. Abdulai, 
“Water quality monitoring using wireless sensor networks:Current trends and 
future research directions,”ACM Transactions on Sensor Networks, vol. 13, 
no. 1, 2017.  
Kenan, X., Hassanein, H., Takahara, G., & Quanhong, W. (2010). Relay node 
deployment strategies in heterogeneous wireless sensor networks. 
Transactions on Mobile Computing, IEEE, 9, 145-159.  
Khedr, A. M., Osamy, W., & Salim, A. (2018). Distributed Coverage Hole Detection 
and Recovery Scheme for Heterogeneous Wireless Sensor 
Networks. Computer Communications. 
Leone, P., Nikoletseas, S., & Rolim, J. (2010). Stochastic models and adaptive 
algorithms for energy balance in sensor networks. Theory of Computing 













Lian, J., Chen, L., Naik, K., Otzu, T., & Agnew, G. (2004). Modeling and enhancing 
the data capacity of wireless sensor networks. IEEE Monograph on Sensor 
Network Operations, 2, 52-63.  
Lian, J., Naik, K., & Agnew, G. B. (2006). Data capacity improvement of wireless 
sensor networks using non-uniform sensor distribution. International Journal 
of Distributed Sensor Networks, 2, 121-145.  
Lindsey, S., Raghavendra, C., & Sivalingam, K. M. (2002). Data gathering 
algorithms in sensor networks using energy metrics. Parallel and Distributed 
Systems, IEEE Transactions on, 13, 924-935.  
Liu Meicheng; Zhang Jie; Lyu Ming; Bo Yuming, "A novel solution for energy hole 
of Wireless Sensor Network," Control Conference (CCC), 2014 33rd 
Chinese , vol., no., pp.456,460, 28-30 July 2014. 
Liu, X., & Mahapatra, P. (2005). On the deployment of wireless sensor nodes. Paper 
presented at the Proceedings of the 3rd International Workshop on 
Measurement, Modeling, and Performance Analysis of Wireless Sensor 
Networks, in Conjunction with the 2nd Annual International Conference on 
Mobile and Ubiquitous Systems. 
Lu Gao; Zhongmin Li, "Energy Consumption Balance Cluster-Head Selection 
Algorithm for Wireless Sensor Network," Computer Sciences and 
Applications (CSA), 2013 International Conference on , vol., no., pp.179,182, 
14-15 Dec. 2013. 
Luo, J., & Hubaux, J. P. (2005). Joint mobility and routing for lifetime elongation in 
wireless sensor networks. Paper presented at the INFOCOM 2005, 24th 
Annual Joint Conference of the IEEE Computer and Communications 
Societies. 
Mahajan, L. and Sharma, N., 2014, February. Improving the stable period of WSN 
using dynamic Stable leach Election Protocol. In Issues and Challenges in 
Intelligent Computing Techniques (ICICT), 2014 International Conference 
on (pp. 393-400). IEEE. 
 Mohammad Ilyas, Imad Mahgoub, Laurie Kelly, Handbook of Sensor Networks: 














Mak N, Seah W. How Long is the Lifetime of a Wireless Sensor Network?. In: IEEE 
8 2009 International Conference on Advanced Information Networking and 
Applications; 9 26-29 May 2009; Bradford, England. New York, NY, USA: 
IEEE. pp. 763-770. 
Manish, B., Timothy, G., & Anantha, P. C. (2001). Upper Bounds on the Lifetime of 
Sensor Networks. IEEE.  
Marta, M., & Cardei, M. (2008). Using sink mobility to increase wireless sensor 
networks lifetime. Paper presented at the International Symposium on a 
World of Wireless, Mobile and Multimedia Networks, WoWMoM 2008. 
Maraiya, K., Kant, K., & Gupta, N. (2011). Application based study on wireless 
sensor network. International Journal of Computer Applications, 21(8), 9-15. 
Meicheng, L., Jie, Z., Ming, L., Yuming, B., "A novel solution for energy hole of 
Wireless Sensor Network," Control Conference (CCC), 2014 33rd Chinese , 
vol., no., pp.456,460, 28-30 July 2014. 
Mhatre, V., & Rosenberg, C. (2004). Design guidelines for wireless sensor networks: 
communication, clustering and aggregation. Ad Hoc Networks, 2(1), 45-63.  
Mhatre, V., & Rosenberg, C. (2004, 20-24 June 2004). Homogeneous vs 
heterogeneous clustered sensor networks: a comparative study. Paper 
presented at the IEEE International Conference on Communications. 
Minkyu Chun, Kyoungtaek Lee and Jaiyong Lee, "Low complexity energy-hole 
detouring scheme with energy harvesting," 2016 Eighth International 
Conference on Ubiquitous and Future Networks (ICUFN), Vienna, 2016, pp. 
1046-1051. 
Nazir, B.; Hasbullah, H., "Mobile Sink based Routing Protocol (MSRP) for 
Prolonging Network Lifetime in Clustered Wireless Sensor Network," 
Computer Applications and Industrial Electronics (ICCAIE), 2010 
International Conference on , vol., no., pp.624,629, 5-8 Dec. 2010. 
Nagarathinam, S., Vasan, A., Ramakrishna P, V., Iyer, S. R., Sarangan, V., & 
Sivasubramaniam, A. (2015, November). Centralized management of HVAC 
energy in large multi-AHU zones. In Proceedings of the 2nd ACM 
International Conference on Embedded Systems for Energy-Efficient Built 













Olariu, S., & Stojmenovic, I. (2006). Design guidelines for maximizing lifetime and 
avoiding energy holes in sensor networks with uniform distribution and 
uniform reporting. Paper presented at the IEEE INFOCOM. 
Ossama Younis, S. F. (2004). HEED: A Hybrid, Energy-Efficient, Distributed 
Clustering Approach for Ad-hoc Sensor Networks. IEEE Transactions on 
Mobile Computing, 3, 366-379.  
Oteafy, S.M.A.; Abo ElFotoh, H.M.; Hassanein, H.S., "Dynamic Election-Based 
Sensing and Routing in Wireless Sensor Networks," Global 
Telecommunications Conference, 2009. GLOBECOM 2009. IEEE , vol., no., 
pp.1,6, Nov. 30 2009-Dec. 4 2009. 
P. Dymora, M. Mazurek, Piotr Płonka, Simulation of reconfiguration problems in 
sensor networks using OMNeT++ software, Annales UMCS Informatica AI 
Vol.13 (2), 49–67, 2013. 
P. K. Sahoo and W. C. Liao, "HORA: A Distributed Coverage Hole Repair 
Algorithm for Wireless Sensor Networks," in IEEE Transactions on Mobile 
Computing, vol. 14, no. 7, pp. 1397-1410, July 1 2015. 
Pathak, A.; Zaheeruddin; Lobiyal, D.K., "Maximization the lifetime of wireless 
sensor network by minimizing energy hole problem with exponential node 
distribution and hybrid routing," Engineering and Systems (SCES), 2012 
Students Conference on , vol., no., pp.1,5, 16-18 March 2012. 
Perillo, M., & Heinzelman, W. (2009). An integrated approach to sensor role 
selection. IEEE Transactions on Mobile Computing , 8, 709-720.  
Perillo, M., Cheng, Z., & Heinzelman, W. (2004). On the problem of unbalanced 
load distribution in wireless sensor networks. Paper presented at the Global 
Telecommunications Conference Workshops, GlobeCom Workshops 2004, 
IEEE. 
Perillo, M., Cheng, Z., & Heinzelman, W. (2005). An analysis of strategies for 
mitigating the sensor network hot spot problem. Paper presented at the 
Mobile and Ubiquitous Systems: Networking and Services, MobiQuitous 
2005. 
Powell, O., Leone, P., & Rolim, J. (2007). Energy optimal data propagation in 














Poe, W. Y., & Schmitt, J. B. (2009, November). Node deployment in large wireless 
sensor networks: coverage, energy consumption, and worst-case delay. In 
Asian Internet Engineering Conference (pp. 77-84). ACM. 
Q. Zhao, "Extending the lifetime of wireless sensor networks from the perspective of 
sensor scheduling and wireless communication," Pervasive Computing and 
Communication Workshops (PerCom Workshops), 2015 IEEE International 
Conference on, St. Louis, MO, 2015, pp. 233-235. 
Qian Zhao; Nakamoto, Y., "Routing Algorithms for Preventing Energy Holes and 
Improving Fault Tolerance in Wireless Sensor Networks," Computing and 
Networking (CANDAR), 2014 Second International Symposium on , vol., no., 
pp.278,283, 10-12 Dec. 2014. 
Quanhong, W., Kenan, X., Takahara, G., & Hassanein, H. (2006). On lifetime-
oriented device provisioning in heterogeneous wireless sensor networks: 
approaches and challenges. Network, IEEE, 20, 26-33.  
Raghavendra C., Sivalingam K., Znati Eds T., Wireless Sensor Networks, Kluwer 
Academic, 2004. 
Rahman, A. U., Alharby, A., Hasbullah, H., & Almuzaini, K. (2016). Corona based 
deployment strategies in wireless sensor network: A survey. Journal of 
Network and Computer applications, 64, 176-193. 
Ramson, S. J., & Moni, D. J. (2017, February). Applications of wireless sensor 
networks—A survey. In Innovations in Electrical, Electronics, 
Instrumentation and Media Technology (ICEEIMT), 2017 International 
Conference on (pp. 325-329). IEEE. 
Raghunathan, V., Kansai, A., Hse, J., Friedman, J., & Srivastava, M. (2005). Design 
considerations for solar energy harvesting wireless embedded systems. 
Information Processing in Sensor Networks,  IPSN 2005, 1, 457-462.  
Rahimi, M., Shah, H., Sukhatme, G. S., & Heideman, J. (2003). Studying the 
feasibility of energy harvesting in mobile sensor network. IEEE International 
Conference on Robotics and Automation (ICRA-03). 
Ramos, H. S., Boukerche, A., Oliveira, A. L., Frery, A. C., Oliveira, E. M., & 
Loureiro, A. A. (2016). On the deployment of large-scale wireless sensor 














Rustamov, A., "Measurement of QoS in wireless sensor networks with single 
multimedia traffic-class," Problems of Cybernetics and Informatics (PCI), 
2012 IV International Conference , vol., no., pp.1,4, 12-14 Sept. 2012. 
S. Halder and A. Ghosal, "A Location-Wise Predetermined Deployment for 
Optimizing Lifetime in Visual Sensor Networks," in IEEE Transactions on 
Circuits and Systems for Video Technology, vol. 26, no. 6, pp. 1131-1145, 
June 2016. 
S. Preetha and S. Nagarathinam, "Weighted rendezvous planning for energy efficient 
mobile-sink path in wireless sensor networks," Electronics and 
Communication Systems (ICECS), 2015 2nd International Conference on, 
Coimbatore, 2015, pp. 695-698. 
Sajadian, S.; Ibrahim, A.; Pignaton de Freitas, E.; Larsson, T., "Improving 
Connectivity of Nodes in Mobile WSN," Advanced Information Networking 
and Applications (AINA), 2011 IEEE International Conference on , vol., no., 
pp.364,371, 22-25 March 2011. 
Shibata, M., Mega, T., Ooshita, F., Kakugawa, H., & Masuzawa, T. (2018). Uniform 
deployment of mobile agents in asynchronous rings. Journal of Parallel and 
Distributed Computing, 119, 92-106. 
Saleem, F.; Javaid, N.; Moeen, Y.; Akbar, M.; Khan, Z.A.; Qasim, U., "MEET: 
Multi-hop Energy Efficient Protocol for Energy Hole Avoidance Using 
Variable Transmission Range in Wireless Sensor Networks," Broadband and 
Wireless Computing, Communication and Applications (BWCCA), 2014 
Ninth International Conference on , vol., no., pp.478,484, 8-10 Nov. 2014. 
Sarwesh P, N. Shekar V. Shet and Chandrasekaran K, "Energy efficient network 
architecture for IoT applications," Green Computing and Internet of Things 
(ICGCIoT), 2015 International Conference on, Noida, 2015, pp. 784-789. 
Shakkottai, S., Srikant, R., & Shroff, N. (2003). Unreliable Sensor Grids: Coverage, 
Connectivity and Diameter.  
Sohraby K., Minoli D., Znati T., Wireless Sensor Networks: Technology, protocols, 
and applications, Wiley & Sons, 2007. 
Salehi_Panahi, M., & Abbaszadeh, M. (2017). Proposing a method to solve energy 













Song, C., Liu, M., Cao, J., Zheng, Y., Gong, H., & Chen, G. (2009). Maximizing 
network lifetime based on transmission range adjustment in wireless sensor 
networks. Computer Communications, 32, 1316-1325.  
Sharma, R. (2015). Energy holes avoiding techniques in sensor networks: A 
survey. International Journal of Engineering Trends and Technology, 20(4), 
204-208. 
Soro, S., & Heinzelman, W. B. (2005). Prolonging the lifetime of wireless sensor 
networks via unequal clustering. Paper presented at the 19th IEEE 
International, Parallel and Distributed Processing Symposium, 2005. 
Szymanski B. K., Chen G., Sensor Network Component Based Simulator, Handbook 
of Dynamic System Modeling (2007). 
Shanthi, S., Nayak, P., & Dandu, S. (2019). Minimization of Energy Consumption in 
Wireless Sensor Networks by Using a Special Mobile Agent. In Soft 
Computing and Signal Processing (pp. 359-368). Springer, Singapore. 
Shu, T., & Krunz, M. (2010). Coverage-time optimization for clustered wireless 
sensor networks: a power-balancing approach. IEEE/ACM Transactions on 
Networking (TON), 18(1), 202-215. 
T. Nagamalar and T. R. Rangaswamy, "Energy efficient cluster based approach for 
data collection in wireless sensor networks with multiple mobile 
sink," Industrial Instrumentation and Control (ICIC), 2015 International 
Conference on, Pune, 2015, pp. 348-353. 
Thanigaivelu, K., & Murugan, K. (2012). K-level based transmission range scheme 
to alleviate energy hole problem in WSN. Paper presented at the Second 
International Conference on Computational Science, Engineering and 
Information Technology. 
Thonklin, A.; Suntiamorntut, W., "Load balanced and energy efficient cluster head 
election in Wireless Sensor Networks," Electrical Engineering/Electronics, 
Computer, Telecommunications and Information Technology (ECTI-CON), 
2011 8th International Conference on , vol., no., pp.421,424, 17-19 . 
Varga, A., & Hornig, R. (2008, March). An overview of the OMNeT++ simulation 
environment. In Proceedings of the 1st international conference on 













& workshops (p. 60). ICST (Institute for Computer Sciences, Social-
Informatics and Telecommunications Engineering). 
Varga A., Using the OMNeT++ discrete event simulation system in education, IEEE 
Transactions on Education (1999). 
W. Heinzelman, A. C. a. H. B. (2000). Energy-Efficient Communication Protocol for 
Wireless Microsensor Networks. Proc. 33rd Hawaii Int Conf.  
W. Sun, X. Song and F. Wang, "Energy-balanced clustering routing protocol based 
on task separation in wireless sensor networks," 2015 8th International 
Conference on Biomedical Engineering and Informatics (BMEI), Shenyang, 
2015, pp. 778-782. 
Wang, Q., Kenan, X., Takahara, G., & Hassanein, H. (2006). On lifetime-oriented 
device provisioning in heterogeneous wireless sensor networks: approaches 
and challenges. Network, IEEE, 20, 26-33.  
Wang, H., Wang, S., Zhang, E., & Lu, L. (2018). An Energy Balanced and Lifetime 
Extended Routing Protocol for Underwater Sensor Networks. Sensors, 18(5), 
1596. 
Weingartner E., vom Lehn H., Wehrle K., A performance comparison of recent 
network Simulator, IEEE International Conference on Communications 
(2009). 
Wu, X., & Chen, G. (2007). Dual-sink: Using mobile and static sinks for lifetime 
improvement in wireless sensor networks. Paper presented at the Computer 
Communications and Networks, ICCCN 2007. 
Xiaobing, W., Guihai, C., & Das, S. K. (2008). Avoiding Energy Holes in Wireless 
Sensor Networks with Nonuniform Node Distribution. Parallel and 
Distributed Systems, IEEE Transactions on, 19, 710-720.  
Xiaobing, W., Guihai, C., & Sajal, K. D. (2006). On the Energy Hole Problem of 
Nonuniform Node Distribution in Wireless Sensor Networks. Paper presented 
at the IEEE International Conference on Mobile Adhoc and Sensor Systems 
(MASS), 2006. 
Xiangning, F., & Yulin, S. (2007, October). Improvement on LEACH protocol of 
wireless sensor network. In Sensor Technologies and Applications, 2007. 













Yick, J., Mukherjee, B., & Ghosal, D. (2008). Wireless sensor network survey. 
Computer Networks, 52, 2292-2330 . 
Yarinezhad, R., & Sarabi, A. (2018). Reducing delay and energy consumption in 
wireless sensor networks by making virtual grid infrastructure and using 
mobile sink. AEU-International Journal of Electronics and 
Communications, 84, 144-152. 
Yetgin, H., Cheung, K. T. K., El-Hajjar, M., & Hanzo, L. H. (2017). A Survey of 
Network Lifetime Maximization Techniques in Wireless Sensor 
Networks. IEEE Communications Surveys & Tutorials, 19(2), 828-854. 
Yu Xue; Xiangmao Chang; Shuiming Zhong; Yi Zhuang, "An efficient energy hole 
alleviating algorithm for wireless sensor networks," Consumer Electronics, 
IEEE Transactions on , vol.60, no.3, pp.347,355, Aug. 2014. 
Yuan, Huiyong, Jiansheng Xie, and Nan Hu. "Lifetime-optimal sensor deployment 
for wireless sensor networks with mobile sink", 2011 6th IEEE Joint 
International Information Technology and Artificial Intelligence Conference, 
2011. 
Yetgin, H., Cheung, K. T. K., El-Hajjar, M., & Hanzo, L. H. (2017). A survey of 
network lifetime maximization techniques in wireless sensor networks. IEEE 
Communications Surveys & Tutorials, 19(2), 828-854. 
Yun, Y., & Xia, Y. (2013). A method for deciding node densities in non-uniform 
deployment of wireless sensors. In Modeling & Optimization in Mobile, Ad 
Hoc & Wireless Networks (WiOpt), 2013 11th International Symposium 
on (pp. 264-271). IEEE. 
Zhang, H., Shen, H., & Tan, Y. (2007). Optimal Energy Balanced Data Gathering in 
Wireless Sensor Networks. Paper presented at the Parallel and Distributed 
Processing Symposium, IPDPS 2007,  IEEE . 
Zorbas, D., & Razafindralambo, T. (2013). Prolonging network lifetime under 
probabilistic target coverage in wireless mobile sensor networks. Computer 
Communications, 36(9), 1039-1053. 
Zhao, Z., Xu, K., Hui, G., & Hu, L. (2018). An Energy-Efficient Clustering Routing 
Protocol for Wireless Sensor Networks Based on AGNES with Balanced 
Energy Consumption Optimization. Sensors, 18(11), 3938. 
 
